Since the late 1980s, spider mite pests have caused serious damage to many moso bamboo (Phyllostachys pubescens) forests in China's Fujian province. The culms of this plant are an essential component of the building and handicraft industries and its shoots are a prized food item in many Asian countries. Furthermore, bamboo forests play an important soil conservation role in mountainous areas. We examined the pest mite outbreaks in several Fujian moso bamboo plantations, and could show that a change in cultivation style from polyculture (a kind of mixed forest) to monoculture was the prime reason for the outbreaks. We then tried to identify factors that resulted from such a cultivation change. Using a systems simulation approach, we determined that systems consisting of one common predator, two host-specific pest mites on different host plants frequently became stable when the pest mites were at low density, meaning that at least two plants, moso bamboo and Chinese silvergrass are necessary to maintain stable predator-prey interactions in moso forests. This finding clearly indicates that bio-diversity, even when it consists of only 2 plants and 3 mite species as in this study, is 2 necessary for the sustainable regulation of large-scale forests, such as moso bamboo plantations.
Introduction
More than half a century has elapsed since the majority of the world's agricultural systems switched to monoculture practices in order to attain greater yields.
Characterized by artificial fertilizers, pesticides and machinery, modern monoculture is wholly dependent on continual inputs of cheap chemical compounds and energy, both of which are ultimately derived from fossil fuels. If, as is widely anticipated, we are unable to depend upon such limited resources, then our food production is no longer sustainable.
Chemical pesticides have an important role to play in modern agriculture and have undoubtedly contributed to the increased yields we have enjoyed over the last 70 years.
However, coupled with the introduction of monoculture practices, the amount of pesticides used in agriculture has increased to an astonishing 3 million metric tons annually (Pimentel 2004) . This has had an array of adverse effects on bio-diversity and human health (Carson 1962 , Colborn et al. 1966 . Furthermore, the rapid development of pesticide resistant pest strains has rendered many chemical compounds ineffective (Flexner et al. 1995; Tsagkarakou et al. 1996; Beers et al. 1998 ). This has lead to the concepts of biological control and integrated pest management (IPM) being proposed, and technical developments continue to unfold. Despite several successful examples of "classical biological control" in which introduced natural enemies could regulate invasive pests (Ruberson et al. 1998; Weeden et al. 2008) , most attemp ts use artificially mass-produced natural enemies as agents of pest control, which like pesticides, inevitably require considerable energy resources to produce.
Recently, the concept of "conservation biological control" using "banker plants" as nurseries of natural enemies was proposed (Tscharntke et al. (2007) ; Osborne and Barrett (2005) ). This is an old-yet-new concept that considers endemic natural enemies that have coevolved with endemic pest species to be potentially important pest regulation agents in endemic vegetation. The paradigm shift from polyculture to monoculture agriculture is thought to be a critical factor behind the disappearance of these native natural enemies from agricultural fields, which may be one of the reasons why so many chemical compounds are necessary to regulate pest populations.
However, the rapid change of agriculture systems during the 20th century makes it difficult to evaluate the effects of such potential regulation agents.
Outbreaks of pest mites on Moso bamboo (Phyllostachys pubescens) have occurred since the late 1980's, and many bamboo forests have been lost in Fujian province, China (Zhang and Zhang 2000) . We launched a Japan-China joint research initiative to restore Moso bamboo forests and have suggested that the pest outbreaks on bamboo were primarlity triggered by a change of bamboo cultivation from polyculture to monoculture, which inevitably decreased arthropod (both pest and natural enemy) diversity (Zhang et al. 2004a ). Investigating such a phenomenon must provide us with important information on the short-term changes that occur during drastic change from polyculture to monoculture.
In this paper, we attempt to show what happens to the pest mite populations in bamboo plantations when the cultivation practice changes from polyculture to monoculture, and identify the key factors responsible for the pest outbreaks from the perspective of using bio-diversity to achieve sustainable pest management. We attempt to evaluate the effect of nursery plants on the predator-prey systems of Moso bamboo plantations and use a systems simulation approach to show how a "two-plants, two host specific pest species, single natural enemy" system attains stability.
Materials and Methods
The targeted spider mite pest species, S. nanjingensis, only occurs on Moso bamboo, P. pubescens (PP, hereafter), and is therefore, only distributed in China (Zhang 2000) . S. miscanthi occurs on Chinese silvergrass, Miscanthus sinensis (MS, hereafter), which is distributed over Japan, China, Korea and Thailand (Sakagami et al. 2009 ). MS is a prime undercover component of polyculture moso bamboo forests (Zhang et al. 2004b ).
The phytoseiid predator T. bambusae, is a specialist predator of these two prey species, able to intrude into woven nests of Stigmaeopsis spp. and feed upon the mites inside (Saito 1986; Mori and Saito 2004) . S. nanjingensis never reproduces on MS, and S. miscanthi never reproduces on PP (Zhang unpublished) . These two species showed a typical Stigmaeopsis life type (Saito 1983) in which individuals live gregariously within the dense woven nests they construct over depressions on the leaf undersurface (Saito 1997; Zhang 2000) .
Field survey
In order to understand the population dynamics of T. bambusae and its prey S. miscanthi on MS, we conducted a field survey in a mixed (MS, PP, unknown bamboo species and several tree species) forest in Fuzhou, China. We arbitrarily collected fifty leaves from each of 5 MS stands (250 leaves in total) at ca. 15 day intervals and examined them at the Zhang (2002) .
Simulation model
In order to evaluate the factors causing the trends observed in the above two fields, we developed a system model which can simulate simultaneously "one predator -two prey" interactions on two host plant species, i.e. MS and PP sub-systems (Fig. 4) .
The model consists of two distinct host plant subsystems, i.e. MS and PP. There was no compatibility in prey species between the host plants, such that S. nanjingensis occurs only on PP, and S. miscanthi only on MS. The predator, T. bambusae on the other hand, could eat both prey species by migrating between the two host plants at particular immigration success rates (m p and m m ). Furthermore, we only considered two life stages for each prey and predator species (even though they actually have 5 stages). Although most previous predator-prey interaction models neglect the importance of stage/age structure, Georgescu and Moro^sanu (2006) pointed out that such a structure sometimes made dynamics stable. In the present model, we adopted two stages, one is non-reproductive (stage-1; immature females from egg to deutonymph) and the other reproductive (stage-2; mature females) in order to made the situation as realistic but as simple as possible. The flow diagram of the developed model is shown in Fig. 1 . The definition of the parameters and values used in this simulation model are shown in Table 1 , and the actual values and functional relationships between them are shown in Appendix 1.
We a priori assumed that a fate of predator-prey in monocltured PP (and also monocultured MS) was characterized periodical extinction of predator population and overshooting of prey population (see Figs. 2 and 3). In order to express this situation, we adopt an assumption that predator behavioral response (functional response) which describes how predators search and find their prey in response to prey population as "ratio-dependent manner", hereafter called as RD-model (Berryman 1999 ) other than Lotka-Volterra model (LV-model): How many prey a predator female feeds (u ij ) in Table 1 , where, i = p, suffix of u, was PP, i = m was MP, and j=1 was stage-1, and 2 was stage-2.) was a sigmoid function of "prey/predator" ratio (there is no sufficient experimental data for this function, such that we adopt an arbitrary function calculated from the maximum amount of prey eaten observed in Saito 1990 , as shown in Appendix 1).
For other data concerning S. nanjingensis we referred to Zhang and Zhang (2000) , for S. miscanthi from Sato et al. (2000) , and for the predator, T. bambusae from Saito (1990), Zhang (2002) and Saito (unpublished) . Several unknown parameters for prey species were replaced with data from closely related species, such as Stigmaeopsis longus (Saito) (Saito and Ueno 1979) . Climatic conditions were assumed constant and all parameters were fixed as under 25±1˚C, favorable humidity (50-80% r.h.) and no rain conditions. Furthermore, the MS and PP host plants were considered to be infinitely abundant, such that there were no food limitations on these two prey species.
The model was defined as difference equations as follows (see Appendix 2):
where i = p (i = m) was on PM (MM), and j was age stage (1 or 2).
We intended to highlight the importance of predator-prey interactions in complex, broad-scale fields (like bamboo forests) where predator searching efficiency must decrease considerably with lowered prey density per predator (Gols et al. 2005) . In order to introduce such a factor into the model, we provided minimum prey-predator ratio values (predation success variables) under which predators were unable to catch any prey. This minimum value expressed the difficulty for predators to capture prey under low prey density conditions in broad-scale fields: the predation success variables (n pj and n mj ) were defined as the lowest prey/predator ratio at which predators can take (capture) prey. We arbitrarily moved from the initial values (n pj or n mj =0) to a high value. Through these parameters, the area effect (≈ dilution effect) that must greatly decrease predation efficiency in broad-scale fields can be expressed.
The other undetermined parameters, immigration success rates from MS to PP (0≤m p ≤1 and from PP to MS (0≤ m m ≤1) between the two host plants were defined as the ratio of "successful predator immigration to one host plant" / "all emigrated predators from the other plant". Note that how many predators emigrating from a host plant system was separately determined as dispersal rates that were a function of the prey/predator ratio in each system (we used the ratio observed in Phytoseiulus persimilis by Saito et al. 1996 ).
This simulation model was thus intended to identify any undetermined effects of the predation success parameters ( n pj and n mj ) and of the predator migration success rates between PP and MS (m p and m m ) under field conditions on the stability of the overall system. The predator-prey simulation system model was developed using the software, Mathematica ver. 6.0 (Wolfram Research) on a Macintosh computer (G5, Apple Co. Ltd.).
We term the model "TOS (after its developers Tsuji, Ogawa and Saito) hereafter.
Results

Field survey
The one-year population dynamics of S. miscanthi and T. bambusae (all stages were lumped) on MS in a polyculture bamboo forest are shown in Fig. 2 . The S. miscanthi population fluctuated periodically and T. bambusae population also showed similar fluctuations with a short time lag. This appeared to be a typical oscillating predator-prey interaction pattern (Lotka 1925; Volterra 1926) . On the other hand, there was no synchronization in the fluctuation patterns between S. nanjingensis and T. bambusae in monoculture PP forests (Fig. 3 
from Zhang 2002).
In order to know more about the above two dynamics, we plotted the temporal population density of the predator (T. bambusae, on the vertical axis) to the population density of prey mite (S. miscanthi or S. nanjingensis, on the horizontal axis) in Fig. 4 .
The track of temporal changes of the predator and prey densities showed no visible trend in the monoculture PP systems (Fig. 4) . On the other hand, the track was always positioned near a line showing a constant prey to predator ratio in the MS systems (Fig. 4) . This means that the interaction forms a kind of limit cycle, though the cycle showed some distortion. In other words, we expected density dependent factor(s) in predator-prey dynamics on MS systems, but no such factor(s) in monocultured PP systems, meaning that the predator-prey systems on MS in mixed forests were to some extent stabilized, but those on PP in monoculture plantations were not.
Simulation
It is usually difficult to define systems stability strictly in simulations, such that we tentatively defined a "stable state" as when the predator-prey systems continued at least 1100 days (more than 3 years) except for the case when both predator and prey populations increased indefinitely (both overshooting, see later).
We first simulated what patterns were observed by simulations using undetermined parameters of various values (about predation success, n ij and immigration success, m i ).
The following four typical patterns were obtained from 1100-day simulations (Fig. 5 ):
Type 1: The prey and predator populations both decreased to nearly zero (regardless of whether they became extinct or not).
Type 2: The prey and predator populations both decreased to nearly zero. After the predator population became extinct, the prey population overshot.
Type 3: The prey and predator populations first decreased gradually. Then they continued at low levels for a long period in a more or less stable manner.
Type 4: The prey and predator populations increased gradually for a long period.
As will be discussed later, although these types do not always differ from each other during longer-scale simulations, we observed how these patterns appear in response to the two kinds of undetermined parameter during a period restricted to 1,100 days.
Simulation 1
When the predator immigration success rates from one sub-system to the other, m p and m m were set to 0, how the predation success values, n mj (in MS) and n pj (in PP) affected the simulation result was observed.
In most combinations of n m1 and n m2 (or n p1 and n p2 ), a type 2 pattern was observed (Fig. 6) . A type 1 pattern, which suggested predators successfully suppressed prey populations during the 1100 days, was only observed in PP when n m2 =2 and n m1 =1~6.
Type 3 patterns were rarely observed in this simulation, although there were three cases at n m2 =5 and n m1 = 2~3 in PP. Furthermore, if n m. or n p was sufficiently high, type 4 patterns where predators found it difficult to get prey were observed.
Simulation 2
We then simulated whether cases exist where predator and prey populations reach a stable state for particular parameter values at which both the isolated systems in simulation 1 showed a type 2 pattern. For this purpose, we assumed the values n m1 , n m2 , n p1 and n p2 were constant at 4.5 (Fig. 6) .
The results of simulation 2 suggest that if there are predator migrations between two plant sub-systems (meaning that the two plant systems are connected by predator migration), there are many conditions under which either system can reach a stable state, i.e. type 3 (Fig. 7) . It was apparent that at middle values of m p = 0.4 ~ 0.8 and m m = 0.3 ~ 0.7, both systems reached a type 3 pattern, meaning that predators regulate the prey populations at low densities and both populations continue at least for 1,100 days (Fig. 7) .
Discussion
As stated previously, the stable state in this simulation was conveniently defined from the population trends that occurred over 1,100 days, a period roughly equivalent to 3 years. We considered this a sufficient period for evaluating systems stability in field plantations, because PP foliation has a 2-year cycle (Zhang et al. 2000) . However, whether or not the observed types are supportable theoretically is a different matter.
Thus, we checked whether types 1-4 would result in different population trend patterns if the periods were of longer duration. As a result, we could confirm the following:
Type 1 is synonymous with type 2 when the simulation period was prolonged (to 2,000 days). Predator and prey populations in type 1 were maintained at very low densities, but the predator population finally became extinct and prey population overshot.
However, it is unrealistic to expect such low-density predator-prey interactions to continue for more than 1 year, because unexpected factors such as adverse temperatures and/or rain must influence long-term survival under field conditions. As such, we may consider type 1 to be a pattern of both predator and prey extinction. On the other hand, we may say that type 3 is a stable state pattern in which the predators can regulate the prey population well, even though it is also synonymous with type 2 when the simulation period is sufficiently long (more than 2,000 days).
Both theoretically and practically speaking, we have ample evidence from observing predator-prey interactions in closed or experimental systems, that prey populations first become extinct through predator over-exploitation, then the predator populations go 14 extinct through starvation (Fujita et al. 1979; Kuno 1987; Saito 1996) . However, we observed no such pattern in the present simulation (remember that type 1 is synonymous with type 2 for long periods), partly because of the two assumptions that strongly decrease the chances of predator exploitation (RD-model and n pj and n mj ). As supposed from the "life-dinner principle" (Dawkins and Krebs 1979), predation does not always lead to prey extinction in nature. This discrepancy in presupposition is related to habitat complexity and/or the prey-density dependent changes in predation success (prey finding opportunities) for predators (Huffaker et al. 1963 ). As such, in addition to the predators' response to number of prey per predator (=u pj and u mj , which are the behavioral response outputs of the predator against the prey as in Appendix 1), we introduced parameters which change the minimum ratio of the number of prey per predator at which predator can capture prey.
As shown experimentally by Gause (1934) , if there are refuges for prey that are difficult for predators to invade, some prey will always escape predation, but predators will become locally extinct. It is reasonable to assume that such a mechanism also exists in moso bamboo and Chinese silvergrass plantations as well, as both are huge in comparison to the scale of the animal focused on. Furthermore the two Stigmaeopsis mite species examined during this study construct densely woven nests on the leaf undersurface. Because most predators use nests as clues when searching for prey, the woven nests have a strong hindering effect after suffering predation (Saito et al. 2008) , such that these two prey species have a strong ability, as a population-wide effect, to lower predation risks during low-density periods after predators have decimated their populations. The sheer scale of the vegetation types concerned, as well as the prey species peculiar ability to avoid predation in the manner mentioned above, suggest that at the local level at least, the extinction of predators through starvation is more frequent than the extinction of prey through predation, in both bamboo forests (Fig. 3) and silvergrass vegetation alike. Gause's (1934) classic study also showed that the periodic immigration of prey from outside makes predator-prey systems stable, although such prey immigration could not be assumed in either of the present systems. Conversely, the periodic immigration of predators from outside, i.e. from other plants, is realistic and allows the systems to attain stability. As such, our simulations showed that a "two-plant / two host specific pest species / single natural enemy" system can often attain stability through predator migration between two plant species. Although our model was too simplistic to simulate the actual dynamics of mite populations in Chinese bamboo forests, these findings are believed to partly explain the phenomenon that has occurred there: a change in bamboo cultivation practice from polyculture to monoculture, with the subsequent elimination of all Chinese silvergrass vegetation, may have triggered the S. nanjingensis outbreaks.
The most important concern of the present study is to show how a certain mechanism can provide relative stability to several mite species. The system consisting of one common predator and two prey species on different plants has not been considered in previous studies on predator-prey interactions, though the importance of such a system has been pointed out empirically. We have shown that the conservation of such diversified systems must contribute to the stability of bio-systems and simultaneously contribute to the biological control of pest species by using endemic natural enemies. In other words, we could prove that bio-diversity is an effective regulator of pests.
From a theoretical perspective, Tansky (1978) and Matsuda et al. (1985) showed that predator-prey systems under which predators can switch from one prey species to another in a prey-density dependent manner easily attain a stable state. In these studies, a single predator has the ability to switch between two prey species depending upon respective prey density. In the present simulation model, we considered that predators move between two host plants where different prey species occur, depending upon the densities of the prey species. In other words, we assumed that there is no way for the predator to switch prey species on a single host plant species, and they should move to the other host plant to get access to the other prey species. However, the situations in the present model are thought to be analogous to the models of Tansky (1978) and Matsuda et al. (1985) . Although we did not mathematically analyze the conditions under which the present systems attain stability and did not adopt a definition of stable state in the strict sense, our results are still thought to provide a practical example of their theories. 
